Here we highlight the potential of a series of ruthenium complexes with tridentate N,N,N pincer-type ligands featuring two pyridylidene amide (PYA) moieties in the ligand skeleton. They were successfully applied in transfer hydrogenation of ketones and C=C double bonds. Rational ligand design was key for increasing the catalytic performance in the reduction of challenging substrates such as potentially chelating acetylpyridines. The specific reaction profiles indicate catalyst poisoning via imine coordination as well as N,O-bidentate coordination of the substrate or the product. Approaches to mitigate this inhibition are presented. Furthermore, these PYA pincer ruthenium complexes accomplish the selective reduction of the C=C over C=O bond of -unsaturated ketones such as benzylideneacetone, while other -unsaturated ketones such as trans-chalcone predominantly underwent oxidative C=C bond cleavage.
Introduction
Pyridylidine amides (PYAs) are a relatively new class of ligands [1] that consist of an alkylated pyridine ring, which is connected to an amide functionality. A wide structural variety of PYAs is accessible taking into account the facile synthetic procedure that normally includes the coupling of aminopyridines with acyl chloride derivates.
Depending on the nature of the acyl chloride reagent, different substituents can be introduced to the ligand system, resulting in e.g. alkyl-, [2] pyridyl- [3] or phenyl-substituted [4] PYAs. The choice of aminopyridines on the other hand leads to the formation of different pyridine substitution patterns, including ortho (2-aminopyridine), meta (3-aminopyridine) and para (4-aminopyridine) PYAs (Fig. 1) . Pyridine alkylation is usually straightforward, i.e. using standard methylation reagents such as methyl iodide or methyl trifluorosulfonate, resulting in the corresponding pyridinium salts. Coordination to the metal centre occurs via the amide nitrogen, which has to be deprotonated with a base either in situ or prior to metalation. With varying groups on the amide either monodentate, [5] bidentate (N,N and C,N) [6] or tridentate [7] N,N,N pincer-type bis-PYA ligands have been successfully synthesized.
One of the main features of PYAs is their donor flexibility, derived from limiting resonance structures due to the highly conjugated pyridinium-amide system. The para PYA ligand has shown to adopt to different solvent polarities, toggling between the formally neutral diene-imine resonance structure (L-type coordination mode, weak donor) and the zwitterionic pyridinium-amide resonance structure (X-type coordination mode, strong donor). [8] Also the comparison of ortho, meta and para PYAs showed a strong effect on the electronic properties, with the mesoionic [9] meta PYA being the strongest donor. [7, 10] Their structural variety and donor flexibility make PYAs a promising class of ligands that may adapt their electronic configuration depending on the requirements of the metal center, and therefore these ligands have the potential to stabilize several transition states on a putative catalytic cycle. These properties have lead to a number of potent homogeneous catalysts containing rationally designed PYA ligands. [11] The pincer platform [12] provides robustness of metal bonding (catalyst longevity) and great potential for variability (Fig. 2 ). They are a widely used ligand motifs for numerous potent homogeneous catalysts, with the commercially available Ru-MACHO or Milstein's catalyst as prominent examples [13] . We have therefore incorporated PYA donor sites into a pincer framework based on the well-known pyridine-2,6-dicarboxamide scaffold. [14] Figure 2. Complex design: possible modifications of the catalyst for increased activity in transfer hydrogenation. We have shown that the catalytic activity in the hydrogenation of ketones is strongly dependent on a variety of parameters including the PYA moiety, the ancillary ligands, and the reaction conditions (Fig. 3) . [7] Here we will highlight their activity towards challenging substrates including heteroaromatic and ,-unsaturated ketones containing two potential hydrogenation sites. 
Results and Discussion

Transfer hydrogenation of heteroaromatic substrates
While precatalyst 3 was successfully applied in transfer hydrogenation of a variety of substrates, including diaryl, aryl-alkyl and dialkyl ketones, the conversion of heteroaromatic substrates bearing nitrogen functionalities remained difficult. In particular pyridyl-containing ketones were only slowly and never fully converted (Fig. 4 , Table 1 ). The initial rates of di(pyridyl)ketone and 2-acetylpyridine, the two potential chelators, are substantially different, which may be due to their specific electronic properties. 2-acetylpyridine shows a strong affinity for N,O-bidentate bonding via pathways 2 and 3, i.e. binding as N,O-chelate with the ketone oxygen directly or as alkoxide after migratory insertion. Taking into account the +I effect of the methyl group, which increases the electron density on the carbonyl group, the oxygen lone pair is much more available for metal bonding. The di(pyridyl)ketone on the contrary features two electron-withdrawing pyridyl substituents on the carbonyl group which leads to substantially lower electron density on the oxygen atom and prevents direct chelation of the substrate via ketone bonding. The base mediated alkoxide formation of product inhibition pathway 3 however is expected to be more pronounced for alcohols with electron deficient substituents. The higher acidity of the OH-group in di(pyridyl)methanol facilitates N,O-chelation after formation of a substantial amount of the hydrogenated product as seen in the conversion plateau after ca. 30 minutes reaction time. Hence, the reaction with di(pyridyl)ketone is product-inhibited, while the conversion of 2-acetylpyridine is substrate-inhibited.
Inhibition pathway 1, viz. the formation of a Ru-N bond to the pyridine nitrogen, is much more favored for sterically unshielded pyridine substrates. In this model the substrate mediated catalyst inhibition will increase in the following order: di(pyridyl)ketone & 2-acetylpyridine < 3-acetylpyridine  4-acetylpyridine, which explains the higher conversion of 3-aminopyridine (37% after 6 h) compared to 4-acetylpyridine (28% after 6 h).
Catalyst inhibition via N,O-bidentate chelation of the substrate or the product to the ruthenium center may be prevented when substituting the monophosphine ligand in complex 3 with a diphosphine ligand, which reduces the number of substitution-labile MeCN ligands from two to only one. Thus, reaction of complex 2b with dppe affords complex 4 featuring only one potential coordination site for substrate coordination (cf Schemes 1).
Complex 4 indeed transfer hydrogenates 2-acetylpyridine and di(pyridyl)ketone quantitatively and with appreciable reaction rates (Fig. 4, Table 1 ), demonstrating the potential of rational catalyst design and also supporting chelation as the major catalyst inhibition pathway with these two substrates. A closer look at the timeconversion profiles shows that the potentially chelating substrates are converted >20 times faster (2-acetylpyridine, entries 3, 4) and to completion without any detectable product inhibition (di(pyridyl)ketone, entries 1, 2). However, the turnover frequency increased less dramatically for the pyridyl derivatives with the acyl group in more remote position (entries 5-8). The less substantial enhancement of catalytic activity is in agreement with monodentate imine coordination to the metal center, which is not prevented by the bidentate phosphine. Imine coordination is much less favored for 2-acetylpyridine due to the steric shielding of the acyl group in ortho positon. The increased activity of complex 4 towards the transfer hydrogenation of these substrates as compared to complex 3 is rationalized by the fact that imine coordination is less competitive with complex 4 because of the high trans effect of the phosphine, whereas in complex 3, imine coordination may occur trans to the central pyridyl site of the PYA pincer ligand and hence be kinetically much less labile and more inhibiting. Indeed, 1 H NMR spectroscopic investigations on the lability of the two MeCN ligands in complex 3 revealed that the MeCN ligand trans to the pyridyl unit is exchanged more than 2 orders of magnitude slower (t1/2 = 8 h) than the ligand trans to the phosphine (t1/2 < 2 min). Hence, imine coordination trans to pyridyl in complex 3 is much more effective than trans to the phosphine in complex 4 and thus decelerates the catalytic activity of complex 3 towards the conversion of heteroaromatic substrates that are otherwise little shielded.
Selectivity in Transfer Hydrogenation of -unsaturated ketones
Michael systems, i.e. -unsaturated ketones, constitute another class of challenging substrates for (transfer) hydrogenation as both the C=C and C=O double bonds may undergo reduction. Depending on the substrate, complex 3 induces different reactivity patterns. Transfer hydrogenation of benzylideneacetone under aerobic conditions produced selectively the saturated ketone as the exclusive product (Scheme 3a). Complex 3 achieves full conversion in just about 30 min (1 mol% catalyst loading) and even upon prolonged reaction times, no hydrogenation of the C=O bond was observed, thus featuring one of the rare homogeneous catalytic systems that selectively reduces the C=C bond in -unsaturated ketones. Other catalysts typically show selectivity for hydrogenation of the carbonyl bond [16] or produce the fully hydrogenated product [17] . Of note, benzylacetone is a natural product found in wild tobacco or cocoa beans to attract melon flies [18] and widely used in the fragrance industry as perfume ingredient [19] . The main industrial production processes rely on heterogeneously catalysed hydrogenation reactions. [20] Scheme 3. Selective transfer hydrogenation of benzylideneacetone catalyzed with 3 gives exclusively benzylacetone, even though benzylacetone is converted to the fully saturated product in independent runs. This selectivity pattern is particularly remarkable when considering that the benzylacetone is readily transfer hydrogenated when used as a substrate (Scheme 3b). In a separate catalytic run under exact same conditions benzylacetone is quantitatively hydrogenated within one hour, giving 4-phenyl-2-butanol as the only product.
Based on these results we assume deactivation of the catalytically active species after C=C bond hydrogenation, which prevents further reduction. Catalyst deactivation is supported by the results obtained from reduction of benzylideneacetone, followed by addition of acetophenone after 30 min to the reaction mixture. Negligible hydrogenation of acetophenone was noted after 6 h, although this substrate was fully converted after 30 minutes when applied on its own.
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A different reactivity pattern was observed when using trans-chalcone as substrate, which afforded a mixture of products consisting of the saturated ketone, acetophenone, benzaldehyde, and their hydrogenated products (Scheme 4). Accordingly, benzaldehyde and acetophenone are formed simultaneously at early stages and at much faster rates (TOFini = 130 h -1 ) than transfer hydrogenation of the substrate takes place (TOFini = 50 h -1 ). These initial observations imply that ruthenium-catalyzed oxidative C=C bond cleavage is substantially faster than the hydrogenation of this bond. Moreover, time-dependent monitoring clearly indicates that aldehydes are converted much faster than ketones (cf the rapid consumption of benzaldehyde compared to the slow hydrogenation of acetophenone). Notably, the very slow formation of 1-phenylethanol and benzylalcohol may probably be related to the same catalyst deactivation as observed in the selective hydrogenation of benzylideneacetone.
The same reactivity and selectivity patterns were observed when 1-phenyl-2-buten-1-one was used as -unsaturated ketone substrate. However, the presence of a methyl rather than a phenyl group at the ene terminus increased the propensity for Michael aldol condensation reactions and produced a mixture of products from C-C bond formation in addition to selective C=C hydrogenation and oxidative C=C bond cleavage products.
Conclusions
Here we introduced two electronically flexible PYA moieties into the well-known pincer coordination motive and demonstrated that the corresponding Ru(II) complexes are excellent catalyst precursors for transfer hydrogenation.
Catalyst tailoring by introducing ancillary phosphine ligands induces a substantial enhancement of the catalytic performance and allows for the efficient reduction of challenging substrates such as potentially chelating pyridyl ketones and -unsaturated ketones. Understanding of catalyst inhibition pathways allow for a rational design of second generation catalysts, underpinning the advantages of molecularly well-defined homogeneous catalysts.
Potentially chelating PYA ligands as implemented here in pincer-type complexes constitute a synthetically versatile platform for further catalyst design for reduction and oxidation catalysis and provide exciting perspectives also for the coordination and catalytic application of other transition metals.
